The free surface flow and the hydrodynamic loads generated by impact between a liquid wedge and a permeable solid body are investigated. The study is carried out within the framework of self-similar solution, which is realistic for this kind of configuration and over the short period of impact. We study the effect of liquid penetration through the porous/perforated solid surface on the pressure distribution and flow pattern. An integral hodograph method is employed to convert the differential equation in the fluid domain into integral equations along the axes of a parameter plane, from which the problem corresponding to the impermeable solid surface is a special case. The system of integral equations are solved numerically using the method of successive approximations. The results are presented for streamline patterns, pressure distribution along the solid surface of permeable wedges.
Introduction
Liquid/structure impact is a widely observed natural phenomenon. Examples include wave impacts on marine structures and coastline, slamming of ships, landing of aircrafts on a water surface, motion of planing crafts and droplet impact on aircrafts. High speed liquid impacts can generate very high loading on a solid body that may cause structural damage or failure. Perforated and porous solid structures have been proposed as a way to reduce hydrodynamic loading during wave impacts [1] . A perforated body allows liquid penetration though its surface, which decreases the hydrodynamic pressure. Examples of perforated structures include wave breakers and "stabilizer" of the Roseau tower which consists of an open-ended square box attached to the frame of the tower subjected to wave impacts. Another example of a perforated structure is a tubular frame, usually used as a protection for subsea installations on the seabed.
Arrays of renewable energy devises or their elements in some cases also can be considered as a perforated structure for its interaction with incoming waves.
Review of practical applications of perforated structures in offshore and coastal engineering as well as methods predicting hydrodynamic forces was presented by Molin [1] . In order to understand better the fluid structure interaction of the processes mentioned above and provide an effective way to predict the wave loadings, it is necessary to account for permeability of the structure in the wave impact processes.
Impacts of interest usually lasts for a very short period of time, during which the pressure and fluid velocity vary rapidly both with time and in space.
In general, the process is fully transient and the temporal and spatial variables are fully independent. One way to solve this kind of problem is based on the Wanger's theory together with the technique of matched asymptotic expansions, especially in the context of marine applications [2, 3, 4] . However, in many cases, especially at initial stage and in some local areas, the flow may be treated as self similar. Moreover, at this stage the hydrodynamic force may reach its maxima value that is important to estimate safety and reliability at the design stage.
In the studies mentioned above, the bodies in the impact are usually considered as rigid and impermeable. However there are publications, notably those by Molin and Korobkin [5] , Iafrati and Korobkin [6] , and Iafrati et al. [7] , in which the effect of permeability on the hydrodynamic force during wave impacts is investigated. In this study we will obtain analytical/numerical solution for self similar flow to study an effect of permeability of a solid structure on hy-drodynamic loads which are important for assessing safety and reliability of the structure. The Integral hodograph method [8, 9] which is an extension of the classical hodograph method is applied. The method enables the original partial differential equation with nonlinear boundary conditions to be converted into a set of integral equations along the straight lines, which are then solved numerically. It has been successfully used in variety of water impact problems [8, 10, 11] . However the application of the method to the present problem has some new major challenges. On the impermeable solid surface, the normal velocity is unknown a priori and depends on the pressure which has to be determined from the solution. The boundary condition is given in terms of a relationship between the pressure and the normal component of the velocity trough the body surface which is satisfied under iteration procedure.
Various case studies related to the permeability of the solid body are presented. Both the solid body and the wave front are considered in the form of a wedge of various angles. It includes the cases of impact of the wave crest on to the perforated wall as well as water entry of the perforated wedge into half -space of the liquid. The terms porous and perforated solid surfaces are used to distinguish the difference in the boundary condition for penetration of the liquid through the body surface. In the first one a linear relationship between the pressure and normal velocity through non deforming body boundary is employed, that corresponds to a porous body when the diameter of holes are much smaller that its length and the holes are finely distributed in the body [6] . In the second case, a perforated body is considered, for which the quadratic relationship between the pressure and the normal velocity trough the non deforming body surface is used [5] . These two laws of the liquid penetration are related to the applications in coastal and offshore engineering [1, 5, 12] where a massive of wave breakers or a cover subsea installations, forms the porous/perforated structure, used to reduce the fluid impact on a structure.
To outline briefly, the present study generalizes the previous integral form of solution [8, 10] dure based on the integral hodograph method which reduces the problem to a system of integral equations. The numerical results, their analysis and physic implications based on the flow patterns, pressure distribution and free surface, as well as the flux into the permeable body are discussed in Section 3.
Formulation of the problem and the solution procedure
We consider the impact problem between a liquid and solid permeable wedge of half-angle α and α A , respectively. The liquid is assumed to be ideal and incompressible, the flow to be irrotational, and the incoming velocity is constant.
The gravity and surface tension effects are ignored. The flow is self similar and will be studied in the frame of reference with its origin attached to the solid wedge. A sketch of the problem is shown in figure 1 .
The Cartesian coordinate system xy with origin at point A is defined with y axis along the line of the flow symmetry. The liquid wedge has uniform velocity V along the y-axis, which is marked as v ∞ in the similarity plane in figure 11a. 
The problem is to determine the function w(z) which conformally maps the similarity plane z onto the complex potential region w. We choose the first quadrant of the plane in figure 1b as the parameter region to derive expressions for the non dimensional complex velocity, dw/dz, and for the derivative of the complex potential,dw/dζ , both as functions of the variable ζ. Once these functions are found, the velocity field and the relation between the parameter region and the physical flow region can be determined as follows:
where v x and v y are the x-and y-components of the velocity nondimensionalized by V . 
When we approach point A along the interface OA, the velocity direction 
The formulation of the problem corresponds to the permeable body surface, and the case of the impermeable body surface is a particular one for which the liquid flowrate through the body tends to zero. Thus, for both cases the function χ(ξ) in Eq. (3) is continuous function at point A and along the whole real axis.
We can confirm that the integral formula [8, 9] for F (ζ) = dw/dz below
satisfies the given conditions on the real and imaginary axes of the first quadrant in Eqs. (3) and (4), or:
Using the known value in the first line of Eq. (3), Eq. (5) becomes
where In order to obtain expression for the derivative of the complex potential in the parameter plane, dw/dζ, it is useful to introduce the unit vectors ⃗ n and ⃗ τ on the fluid boundary, which are normal and tangent to the surface, respectively.
The former is directed outward from the liquid region, and while moving in the latter direction along the boundary, the spatial coordinate s increases and the liquid region is on the left hand side (see figure 1a) . With this notation, we
where v s and v n are the tangential and normal velocity components along the flow boundary, respectively. Let θ(η) = tan
denote the angles between the velocity vector with ⃗ τ on the flow boundary.
The former is defined along the imaginary axis of the parameter and therefore corresponds to the free surface OB in the similarity plane, while the latter is on the real axis and corresponds to the interface and the symmetry line. Eq. (7) allows us to determine the argument of the derivative of the complex potential, 
By analyzing the behaviour of the velocity angle along the whole flow boundary in figure 2, we can see the variation of tan We can write function ϑ(ζ) as follows
The problem is then to find the function dw/dζ in the first quadrant of the parameter plane which satisfies the boundary condition (9) . This is a homogeneous boundary value problem, or arg(dw/dζ) is given on the entire boundary.
It can then be confirmed that the function obtained from the following integral formula [8, 9 ]
where K is a real factor,
|ζ|→∞ can meet the condition in Eq. (9) . By performing the integration in Eq. (10) over steps where the value ϑ(ζ) is known, we finally obtain the expression for the derivative of the complex potential in the ζ-plane as
Integration of Eq.(11) in the parameter region allows us to obtain the function w(ζ) which conformally maps the parameter region onto the corresponding region in the complex potential plane:
where w A is the complex potential at point A and can be taken as zero without loss of the generality.
Dividing (11) by (6), we can obtain the derivative of the mapping function
The integration of this equation yields the mapping function z = z(ζ) relating the parameter and similarity planes.
We notice that in contrast to the impact between the liquid and impermeable solid wedges [10] The governing equations (6) and (11) - (13) 
where P is the pressure at the point z and P A is the pressure at the point A.
Then, the pressure coefficient based on the ambient pressure, P a , which can be represented by the pressure P O = P a at point O, can be determined as follows
The governing equations (6) and (11) - (13) At the moment of impact, the tip of the liquid wedge will move into the body surface due to permeability. At the same time it will also spread along the body surface, which will depart from the body surface at point D and will eventually become point O. We notice that when the flow is self similar the velocity at point O is constant. Thus the coordinate position of point O can be decided by its velocity V O = V v 0 relative to point A. This gives A and O in the similarity plane equals v 0 , which can be used to determine the parameter K:
Determination of the functions θ(η) and v(η) on OB from boundary conditions on the free surface.
The dynamic boundary conditions on the free surface OB for an arbitrary self-similar flow can be derived in the following form [8] , by exploiting the Bernoulli equation and the fact that the acceleration of a liquid particle is orthogonal to the free surface with constant pressure
Multiplying both sides of Eqs. (17) and (18) by ds/dη = |dz/dζ| ζ=iη we obtain the following integro-differential equation for the function θ(η): 
The system of equations (19) and (20) enables us to determine the functions θ(η) and d(ln v)/dη along the imaginary axis of the parameter domain. Then, the velocity magnitude on the free surface can be obtained from
where v ∞ = 1 is the reference velocity at infinity. This gives the velocity at
Determination of functions γ(ξ) and β(ξ) from the kinematic boundary condition on the permeable solid surface.
In the porous media, the velocity of the fluid flow is proportional to the pressure gradient, based on Darcy's law. When the solid becomes very thin with a pressure jump from one side of the surface to the other side, the velocity normal to the body is then proportional to the difference of pressures from both sides. In our case, at the initial stage of the impact, which is usually of main interest, we assume that the pressure on the back side of the solid surface remains to be ambient pressure P a , therefore, the normal component of the velocity through the wetted surface can be written as :
where the coefficient α p characterizes the porosity of the thin wall. When α p → 0, V n → 0 in Eq.(22). This returns to the impermeable boundary condition.
On the surface of a perforated body, the relationship between the normal component of the velocity and the pressure can be written as V n |V n | = χ 0 (P − P a )/ρ, as V n is expected to be positive [1, 5] 
where ν is a discharge factor, and κ is the ratio between the area of the holes and the total area, ρ is the liquid density as defined previously. As κ → 0, the impermeable boundary condition is recovered. In the following, non-dimensional parameters are used based on the definitions of v n = V n /V , α 0 = α p ρV , while χ 0 is already non-dimensional. Eqs. (22) and (22) can be respectively written as
The tangential component of the velocity on the wedge side OA can be determined with the notation in Eq. (7) as
where δ A = −π − α is the direction of the vector ⃗ τ . Then, the function γ(ξ) can be obtained
where the normal component of the velocity, v n , will be detrmined in the following. Taking the argument of Eq. (13), we obtain δ A = β + γ, that gives equation
for the function β(ξ) as follows
The integral equation (20) respectively, which give the free surface shape OB. The iteration returns to Eq.(16) and the process is repeated until the convergence has been achieved.
Numerical results

Numerical approach
The numerical approach employed in the present study is based on the method of successive approximations, which is similar to that used by Semenov (ξ j−1 , ξ j ) and (η i−1 , η i ), respectively. The results contain the unknowns coeffi-
are determined from the system of equations (19), (20), (27), (28).
Impact between liquid and solid porous wedges.
Effect of body porosity on the flow parameters including the slamming pressure peak has been studied using the boundary element method (BEM ) by
Iafraity & Krobokin [6] for a porous wedge entering the flat water surface. Similar problem of a permeable block sliding along an inclined beach has been studied by Iafrati, Miloh & Korobkin [7] , in the context of violent free surface flow generated by landslide.
To evaluate the accuracy and mesh-independence of the results, several distributions with different numbers of nodes have been employed. Table 1 Further results for streamline patterns, the free surface shape and the pressure distributions for the case in Table 1 are given in figure 3 . As discussed by Wu & Sun [13] , when a fluid particle moves towards an impermeable body surface, its path is blocked and has to make a sharp turn to move along the body surface. This leads to a large acceleration and therefore large pressure gradient near the jet root, as shown in figure 3a. When the body surface is permeable, the blockage to path of the fluid flow is less solid. The peak pressure near the jet root decreases. This decrease continues as the permeability coefficient α 0 increases. This makes the difference between the peak pressure and the ambient pressure on the other side of the body or insider the jet much smaller. We notice that when α 0 increases, more liquid will move through the body surface, which 
Impact of the liquid wedge on the perforated body.
Perforated body is used widely in coastal and offshore engineering [1, 5, 6] as a mean to decrease the contact area by allowing the part of the liquid to flow through the body surface. This also reduces a high-pressure peak and the total force during wave impact. Iafrati, Miloh & Korobkin [7] As expected, the pressure on the wall will decrease when it is perforated. The reduction of the pressure is more pronounced at the locations where the corresponding pressure on the impermeable wall is higher. This is because at higher pressure more liquid moves into the wall as it can be seen from Eq. (25). The larger pressure is, the bigger pressure reduction occurs. We also notice that the jet root moves towards the centre of the impact for the perforated surface. This effectively reduces the area affected by the hydrodynamic pressure. The tip of the jet also moves towards the centre and the jet itself becomes thinner.
In figure 6 the flow configuration, streamlines and pressure distribution are This is caused by larger pressure reduction near the apex of the wedge due to the larger flowrate into the wedge side there.
Conclusions
We have developed a method which generalizes previous water-impact studies and accounts for certain essential features associated with a permeability of the solid body. The focus is on some configuration in which the flow can be treated as self similar at earlier stage of the impact. The mathematical approach is based on the integral hodograph method, which enables the original problem in a physical domain to be reduced to a system of integro-differential equations along the straight lines. These equations are solved numerically through the method of successive approximation. The numerical procedure has been verified by convergence study and comparison with some known results.
The presented calculations confirmed the reduction of the hydrodynamic pressure for a porous or perforated wedge entering the flat free surface and revealed the similar effect for a liquid wedge impacting a permeable wedge.
This effect magnifies in the case of smaller deadrise angle between the side of the solid and the undisturbed liquid surface. The permeability of the body also affects the tip jet which becomes a much thinner liquid film on the body surface even at moderate permeability condition.
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